Recently, a hybrid mesoporous membrane composed of surfactant-templated mesoporous silica inside a porous anodic alumina membrane has been developed. Since this membrane allows the use of columnar silica-mesopores (silicananochannels) as nanofluidic channels, separation of molecules can be realized by mass transport through the silicananochannel with molecular dimensions. Here, we review the methods to fabricate the hybrid mesoporous membranes, their structural features, and the analytical applications of hybrid mesoporous membranes.
Introduction
Surfactant-templated mesoporous silica has inherent properties such as high surface area and adsorption capacity, uniform pore diameter ranging from a few to tens of nanometers, and a highly ordered pore structure. These properties have attracted much attention to the potential use of mesoporous silica for several analytical purposes. The early reports on the synthesis of mesoporous silica were concerned with hydrothermal synthesis of mesoporous silica powders with a few to tens of nanometers in pore diameter by using alkylammonium surfactants as a structural directing reagent. [1] [2] [3] [4] In the first analytical application of the mesoporous silica powder, the properties of high surface area and adsorption capacity were paid attention to develop an efficient sorbent and the efficient sorption of mercury ion was demonstrated in 1997. 5 Since then, various studies have been performed to develop excellent sorbents based on the mesoporous silica materials with functional organic layers. 6 Size-selective adsorption of proteins on mesoporous silica powders by utilizing the uniform pore diameter was demonstrated in 2001; mesoporous silica with 5.6 nm in pore diameter showed size-selective adsorption of proteins with smaller sizes than the pore diameter. 8 In addition, some studies have been reported to develop a molecular recognition system by incorporating fluorophores within the mesoporous silica. 7 On the other hand, some attempts have been carried out to use mesoporous silica powders as stationary phases in several chropatographic systems: capillary gas chromatography, 9 highperformance liquid chromatography (HPLC), 10, 11 and sizeexclusion chromatography (SEC). 12 These chromatographic applications are based on expectations that the high surface area and the uniform pore diameter of the mesoporous silica should improve properties of both size exclusion and surface interaction in separation of molecules. 12 Applications of mesoporous silica powders mentioned above are generally based on adsorption/desorption or distribution phenomena. In contrast, one of the interesting structural features of the mesoporous silica is one-dimensional (1D) alignment of columnar pores (silica-nanochannels) and the use of the 1D silica-nanochannel as a nanofluidic channel for separation and sensing has been expected. The nanofluidic systems based on mesoporous silica could be achieved by forming mesoporous silica thin film on a substrate. For example, Yamada et al. 13 formed mesoporous silica with a 3D cubic mesostructure on a sensor substrate and sensing of NO gas transported through the silica mesopores was demonstrated. Liu et al. 14 formed an azobenzene-modified mesoporous silica thin film with 3D cubic mesostructure on an ITO electrode and the conformation (trans or cis) of azobenzene regulated the effective pore size and the mass transport behavior of ferrocene derivatives. In spite of these studies, there is a possibility that lateral diffusion of molecules along the substrate prevents regulation of mass transport across the film containing 3D cubic mesoporous silica. Hence, it is highly desired to synthesize a mesoporous silica thin film with perpendicularly oriented 1D silica-nanochannels, by which mass transport across the film can be easily attained. Although an evaporation inducedselfassembly (EISA) method has been generally used to synthesize the mesoporous silica thin film composed of 1D silica nanochannels, 15 silica-nanochannels oriented parallel to the surface of a planar substrate and this parallel orientation does not allow molecules to transport across the film. An attempt was made to achieve the perpendicular orientation by applying a high magnetic field, but the regulation of the orientation of silica-nanochannels was not complete. 16 Therefore, the achievement of the perpendicular orientation had been a crucial problem in the synthesis of a mesoporous silica thin film.
Formation of mesoporous silica within a porous anodic alumina (PAA) membrane is a novel method for the use of mesoporous silica as the 1D nanofluidic channel. The PAA membrane has a packed array of columnar alumina pores oriented perpendicularly to the membrane surface. 17 Since the formation of mesoporous silica inside the columnar alumina pore sometimes gives 1D alignment of silica-nanochannels along the columnar alumina wall, the resulting silicananochannels are predominantly oriented perpendicularly to the membrane surface. 18 Hereafter, the PAA membrane with mesoporous silica is called a hybrid mesoporous membrane. Since the hybrid mesoporous membrane allows mass transport through the silica-nanochannels within the membrane by embedding it between two solution phases, it can be simply applied for separation of molecules and sensors by utilizing mass transport through 1D silica-nanochannel. Thus, the hybrid mesoporous membrane has a capability for various analytical systems. Here, we review the methods for the fabrication of hybrid mesoporous membranes, and their structural features, as well as applications of the hybrid mesoporous membrane for analytical purposes.
Fabrication Methods
The fabrication of the hybrid mesoporous membrane essentially relies on the self-organization of silica-surfactant nanocomposites at a solid/liquid interface like formation of the mesoporous silica thin films. 15 When a precursor solution, containing a silica source (tetraethoxysilane (TEOS) or tetramethoxysilane (TMOS)) and a structural directing reagent (surfactant), is introduced inside the columnar alumina pores, the silica-surfactant nanocomposite grow inside the alumina pores. The growth of the silica-surfactant nanocomposite is considered to commence at the inner walls of the alumina pore ( Fig. 1 ). 18 The methods to fabricate the hybrid mesoporous membranes are roughly classified into three types (Fig 2) . The first type involves soaking an alumina membrane in a precursor solution; this is based on a simple sol-gel method, in which a porous alumina membrane is put in a sol solution and the sol that infiltrates the columnar alumina pores turns to a gel during the drying process at an ambient condition or in vacuo ( Fig.  2(a) ). [19] [20] [21] [22] [23] [24] The second type includes an evaporation inducedself-assembly (EISA) method in which a precursor solution is loaded in the columnar alumina pores and mesoporous silica is grown during solvent evaporation (Fig. 2(b) ). [25] [26] [27] [28] [29] On the other hand, Yamaguchi et al. 18, 30 have proposed another method whereby an alumina membrane is set in an ordinary membrane filtration apparatus and a precursor solution is introduced into the columnar alumina pores under moderate aspiration (Fig. 2(c) ). 2 Since the mesoporous silica is grown when the precursor solution passes through the columnar alumina pores, hardly any formation of mesoporous silica occurs on the membrane surface.
The former two methods allow formation of columnar (cylindrical) mesoporous silica with well-ordered mesostructures inside the columnar alumina pores and the mesostructure can be regulated by humidity and by the silica-to-surfactant ratio as mentioned in section 3. However, the most critical disadvantage of these methods is the formation of mesoporous silica not only inside the columnar alumina pore but also at the membrane surface. 20, 28 The use of the hybrid mesoporous membrane for nanofluidic systems is based on mass transport inside the silicananochannels formed inside the columnar alumina pores. The mesoporous silica formed at the membrane surface would prevent mass transport through the silica-nanochannels inside the columnar alumina pores. Therefore, the hybrid mesoporous membrane fabricated by the aspiration method seems to be applicable to the nanofluidic systems.
Mesostructures
In general, the mesostructure of mesoporous silica can be regulated by choosing a structural directing reagent (surfactant) and the composition of the precursor solution, and by controlling the temperature and humidity. Until now, the surfactants used for the fabrication of hybrid mesoporous membranes include cetyltrimethylammonium bromide (CTAB), 18, 26, 28 decaethylene glycol hexadecyl ether (Brij 56), 27, 28 and poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEO) triblock copolymers such as PEO20PPO70PEO20 (Pluronic P123) 20, 21, [24] [25] [26] [28] [29] [30] and PEO106PPO70PEO106 (Pluronic F127). 19, 22, 23, 30 Among these surfactants, CTAB has been well known to form mesoporous silica composed of 1D silicananochannels, 2 and the first achievement of hybrid mesoporous membrane with 1D silica-nanochannels was reported by using CTAB as the structural directing reagent. 18 Figures 3(b) and (c) show transmission electron microscopy (TEM) images of the CTAB-based hybrid mesoporous membrane.
The silicananochannels are oriented along the columnar alumina pores as schematically shown in Fig. 3(a) .
In contrast to CTAB, the uses of other surfactants (block copolymers such as Brij 56, P123, and F127) sometimes cause formation of not only 1D silica-nanochannels but also other 3D mesostructures.
Typical TEM images of the columnar mesoporous silica synthesized by using P123 are shown in Fig.  4 . 30 Wu et al. 25 examined the mesostructure of mesoporous silica prepared by using P123 as a structural directing reagent. In this study, they found formation of unprecedented 3D mesostructures with chiral mesopores such as single-and double-helical geometries, and transition in the mesostructure from a coiled cylindrical to a spherical cage-like geometry with decreasing the diameter of the columnar alumina pore (Fig. 5) . The columnar mesoporous silica with similar 3D mesostructures shown in Figs. 4(c) and (d) were also reported for the hybrid mesoporous membrane by using Brij56 and F127. 19, 28, 30 Platschek et al. 28 further examined the 3D mesostructures by TEM and 2D small-angle X-ray scattering (SAXS) measurements.
Although the use of block copolymer surfactants sometimes results in formation of columnar mesoporous silica with 3D mesostructure, the regulation from the 3D to 1D mesostructure could be achieved by optimizing the fabrication conditions. Yao et al. 21 examined the effects of humidity for the mesostructure of the columnar mesoporous silica formed by immersing a PAA membrane in a precursor solution containing P123. Their results showed that the 1D silica-nanochannels could be formed under a low humidity environment, whereas the high humidity environment resulted in the 3D mesostructure. This result was explained by the gelation rate; since the gelation process was slower in lower humidity environment, the slow gelation process would be due to the formation of 1D silicananochannels. Platschek et al. 28 reported that the 1D silicananochannels could be formed in lower humidity environments and with lower silica to surfactant ratios when block copolymer surfactants (P123 and Brij56) were used as a structural directing reagent.
In the studies on regulation of mesostructure, the mesoporous silica was formed inside the columnar alumina pores by the soaking (Fig. 2(a) ) or EISA (Fig. 2(b) ) method; attention was given to the control of temperature and humidity during the growth of silica-surfactant nanocomposites. In contrast, the control of temperature and humidity is difficult for the aspiration method. However, the regulation of mesostructure could be achieved by controlling the aging condition of a precursor solution. 30 In this study, a series of precursor solutions containing P123 were prepared by changing the aging temperatures and times, and were applied for the formation of the columnar mesoporous silica by the aspiration method. Results showed that predominant formation of the 1D silicananochannels (Figs. 4(a) and (b) ) could be achieved by increasing the aging temperature (0 to 60ºC) and time (1 to 12 h). In addition, the optimum ratio of silica to surfactant in the precursor solution was also confirmed.
Until now, the 1D hybrid mesoporous membrane, which is composed of columnar mesoporous silica with 1D silicananochannels inside the alumina pores, has been fabricated by using CTAB, Brij56 and P123 as the structural directing reagents. The reported structural parameters are as follows: 3.4 nm (CTAB), 16 6 nm (P123), 20 and 8 nm (P123) 30 as channel diameter, and 4.3 nm (CTAB), 28 6.2 nm (Brij56), 28 8.6 nm (P123), 21 and 11 nm (P123) 28 as d(100)-spacing (channel to channel distance). Considering studies on mesoporous silica powders and thin films, 31 further regulation of the channel diameter can be expected for the hybrid mesoporous membrane by choosing other surfactants as the structural directing reagents in order to tune channel diameter from a few to tens of nanometers. In addition, the formation of mesoporous silica inside micropores such as the alumina pore sometimes results in unprecedented mesostructures that had not been found for the mesoporous silica powders and thin films. 25, 26 Thus, further studies on tuning of channel diameter of silica-nanochannel within the hybrid mesoporous membrane are necessary.
Analytical Applications
Among analytical applications of the hybrid mesoporous membrane, the size exclusive separation was firstly demonstrated. The hybrid mesoporous membrane with 1D silica-nanochannels (channel diameter = 3.4 nm) was mounted in a U-tube permeation cell, and mass transports of molecules were examined (Fig. 6) . 16 The results showed selective transport of molecules depending on the molecular size; relatively small molecules, such as rhodamine B (molecular size, ca. 1.0 nm) and vitamin B12 (ca. 2.4 nm), were transported but not large molecules, such as myoglobin (ca. 4.0 nm) and bovine serum albumin (ca. 7.2 nm) (Fig. 6b) . The transport through the membrane was completely rejected for molecules with larger molecular size than the channel diameter (3.4 ± 0.2 nm). Accordingly, we concluded that the large molecules could not permeate into the silica-nanochannels formed inside the columnar alumina pores, and that the silica-nanochannels could work to separate molecules with a capability of nm-order size exclusive characteristics.
Yoo et al. 27 examined the transport of several gases (helium, nitrogen, and propane) across the hybrid mesoporous membrane that had hexagonal and cubic mesostructure with ca. 5 nm in pore diameter. The hybrid mesoporous membrane gave the higher He/N2 permselectivity than the commercial PAA membrane (5 nm nominal pore size) which contained pinhole defects. They suggested that the higher permselectivity could be ascribed to the lack of pinhole defects in their hybrid mesoporous membrane.
There was an attempt to incorporate the hybrid mesoporous membrane with 1D silica-nanochannels (channel diameter = 3.4 nm) into a HPLC system as shown in Fig. 7(a) . 32 The observed chromatograms showed that the retention time of phenol was larger than that of toluene ( Fig. 7(b) ). This result implies that the hybrid mesoporous membrane can be applicable to a chromatographic system. However, for the practical use of the hybrid mesoporous membrane, further improvement in peak separation would be necessary.
In addition to the separation science, other promising analytical applications of the hybrid mesoporous membrane include enzymatic biosensors. Since immobilization of enzymes within mesoporous silica increases the stability of enzymes, the hybrid mesoporous membrane will be available for membranebased enzymatic biosensor chips. Furthermore, metallic or semiconductor nanostructures can be synthesized within 1D (or 3D) silica nanochannels of a hybrid mesoporous membrane. Such nanostructures have a potential use for various sensors by utilizing their inherent optical and electrical properties of those nanostructures. 22, 25, 29, 33, 34 Although the hybrid mesoporous membrane with 1D silicananochannels can be applicable to various fields of analytical chemistry, several problems to be overcome still remain in order to develop innovative separation systems based on the hybrid mesoporous membranes.
Since the hybrid mesoporous membrane with long silica-nanochannels is advantageous to chromatographic application, fabrication of long columnar mesoporous silica inside columnar alumina pore is attractive. Most studies on the hybrid mesoporous membrane have dealt with commercially available PAA membranes with 60 mm in thickness. It might be desirable to develop a method for fabrication of PAA membranes with more than 60 mm in thickness to obtain long columnar mesoporous silica within the thick PAA membrane. A functionalization of the inner surfaces of silica-nanochannels is also important for regulation of mass transport through the silica-nanochannels. In addition, a quantitative characterization of chemical processes that occur inside the silica-nanochannels is important to design separation systems based on the hybrid mesoporous membrane. [35] [36] [37] In particular, essential phenomena to be solved are adsorption or distribution at the silica-nanochannel, viscosity of a solvent confined in the silica-nanochannel, and diffusivity of a solute.
Summary
We have reviewed fabrication of the hybrid mesoporous membranes and their structural features as well as analytical applications. The growth of surfactant-templated mesoporous silica inside a columnar alumina pore sometimes results in formation of 1D alignment of the surfactant-templated silicananochannels, and this channel orientation allows the use of silica-nanochannels for a nanofluidic systems. Since the first report of the hybrid mesoporous membrane with 1D silicananochannels in 2004, extensive studies have been reported to regulate the mesostructure of mesoporous silica in the hybrid mesoporous membranes, and the hybrid mesoporous membranes with 1D silica-nanochannels have been successfully synthesized. In addition, several studies have reported success in potential uses of the hybrid mesoporous membrane in separation science. We believe that further studies on the hybrid mesoporous silica will lead to the development of innovative analytical systems by utilizing mass transport through the 1D silica-nanochannels.
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